Micro RNAs (miRNAs) are small RNAs that play an important role in the negative regulation of gene expression by suppressing protein translation. Animal genomes contain an abundance of small genes that produce regulatory RNAs of about 22 nucleotides in length. The Ambros lab identified the first miRNAs in 1993 while characterizing a genetic locus involved in the control of developmental timing in C. elegans. 1 It has since been shown that these miRNAs are diverse in sequence and expression patterns and are evolutionarily widespread, suggesting that they may participate in a wide range of genetic and regulatory pathways. Since their initial discovery, thousands of papers have been published characterizing miRNA properties, defining their expression, and demonstrating function. MiRNAs are initially transcribed as long primary miRNAs (pri-miRNAs) that are processed by the RNase III enzyme Drosha to generate stemloop precursor miRNAs (pre-miRNAs) approximately 70 nucleotides in length. 2 These precursors are exported into the cytoplasm and, subsequently, the cytoplasmic enzyme Dicer cleaves the pre-miRNA to release the mature miRNA. 3 Binding of miRNA to a messenger RNA (mRNA) with Ago proteins inhibits protein translation. It is estimated that the human genome encodes about 1500 miRNAs that are thought to regulate more than 30% of protein-coding genes. 4 As interindividual variation of miRNA expression levels influences the expression of a myriad of miRNA target genes; these processes likely contribute to phenotypic differences and susceptibility to common and complex disorders.
Consistent with the recent surge of studies characterizing the role of miRNAs in cellular function and disease relevance is the study by Engelhardt and colleagues in the current issue of Circulation. 5 This interesting study focused on miR-378 and its' involvement in repressing cardiomyocyte hypertrophy. The study identified a relevant regulatory pathway, specifically MAP kinase, as a target of miR-378. Importantly, the study also clearly characterizes the miRNAs (pri-miRNAs) that are processed by the RNase III enzyme Drosha to g ge e ener er e at t te e e st st stem em em--oop precursor miRNAs (pre-miRNAs) approximately 70 nucleotides in length. a 2 These pr rec ec cur ur urs so sors rs s a a are e e exp xp xpo or orted into the cytoplasm and, su su sub b bsequently, the e cy c to opl pl pla a asmic enzyme Dicer cl lea a ave v s the pr re-e-mi mi m RN RNA A to to to re re rele le leas ase e e th th he e ma matur re e m miR R RN N NA. 3 3 3 Bi Bind nd ndin ing g g o of f m miR iR i NA NA NA to o o a a me m mess ss s e e eng ge ger r RN RN RNA m m mRN RN RNA) A) A) w w wit it ith h h A Ag Ago o o pr prot ote ei eins n i i inh nh nhib ib ibi i its ts ts p pr ro rote te tein in in tra ra ans ns n l l lat ti tion n n. It It It i i is s es es esti tima ma mate te ted d th th hat at t t the he he h hum um ma a an g g gen en nom om me e encodes abou ut t t 15 15 1 00 00 00 m m miR iR RNA NA NAs s s th h hat at at a a are re r t t tho ho houg ug ught ht ht t t to o o re re regu gu gula late te te m m mor or o e e e th th than n n 3 3 30% 0% 0% o o of f f pr pr rot ot otei ei ein-n-n co co c ding underlying pathways that govern repression of the hypertrophic response by miR-378. A strength of this study is that the initial target was identified from a broader screen of synthetic miRNAs for the induction of cardiomyocyte hypertrophy and not only based on prediction models. This is the initial description of miR-378 in cardiac hypertrophy and supports several recent publications that demonstrate a role of miRNAs in cardiomyopathy, 6, 7 MAP kinase, 8, 9 or, specifically, for miR-378 in the cardiac regulation of apoptosis, ischemic heart disease, and mitochondrial function.
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The findings of Engelhardt and colleagues provide an interesting and important mechanistic link between an individual miRNA, a specific signaling pathway, and a complex disease. However, as discussed above, miRNAs are generated through the concerted action of complexes that promote multi-step processing and loading of miRNA into silencing complexes, with individual classes of microRNAs differentially controlled through the association of regulatory factors. A growing number of studies suggest that each of these steps serves as potential points of regulation, adding to the complexity of miRNA-dependent gene modulation.
Regulation of miRNAs is distinct from transcriptional or post-translational regulation of proteins as it modifies not only gene expression but cellular function. Importantly, as a single miRNA, such as miR-378, modulates the expression of many targets simultaneously (Figure 1) , the coregulation of multiple miRNAs could dramatically alter both gene expression and cellular function. This complexity is highlighted by large-scale profiling studies using tissue samples that reveal a somewhat consistent yet complex pattern of miRNA dysregulation in human disease 12 as well as in cardiac hypertrophy. 7, 13 In the setting of this complexity, the transcription of tissue and pathway-specific miRNAs may be directed by the same master regulatory factors controlling mRNA, such as with skeletal disease. However, as discussed above, miRNAs are generated through the concer er rte ed d d ac ac cti ti tion on on o o of f complexes that promote multi-step processing and loading of miRNA into silencing complexes, wi with th h i i ind nd ndiv iv ivid id idu u ual cl cl cla as asses of microRNAs differenti i ia al ally y y controlled thr hr rou o gh gh h t t th he h association of e egu u ula l tory fac cto tor r rs. A A A g gro ro ro i wi wing ng ng n nu umb mb mber er r o o of stud ud udies su u ugg ges es est t th th ha at t e ea a ach h h of of f t t the e ese se s st te teps ps s s ser er rve ve es a as as po pote te tent nt ntia ia i l l po po poin in ints ts o o of f re reg gu gul la ati tion n n, , , ad ad addi di ding n ng t to o th th the e e co o omp mp mple lex xity ty ty o o of f f mi mi miRN RN RNA-A-A-de de d p p pen nd nden en nt t ge ge gene ne ne m mo o odu ul ulat ati i ion n. n.
Regulation o of f f mi mi m RN RN RNAs As A i is di di dist st stin n nct ct ct fr fr rom om om t t tra ra rans ns nscr cr crip ip ipti ti t on on onal al a o o or r r po po post st s -t -t tra ra rans s sl l lat at atio io iona na nal l l re regu gu gula la lati ti ion on on of proteins s s and cardiac muscle differentiation that may be characterized by the transcriptional activation of muscle specific genes. 14 While "master regulation" likely occurs in specific settings, this cannot be assumed based on focused examination of miRNAs, gene expression, or tissue. Seeing a cluster of gene expression changes using a targeted assessment or biased prediction model does not preclude other relevant pathways being operational in complex systems. Simply put, if a relevant pathway or transcript is not studied, it cannot be assumed that changes did not occur.
As discussed, an individual miRNA can target multiple genes and each protein-coding gene can be regulated by several miRNAs. This complexity is compounded by the fact that many studies are performed with exogenous overexpressing miRNAs and it is not known, even in combinatorial studies, whether the miRNAs will be additive or redundant in their regulation. 15 While single miRNA-single target studies and large-scale screening studies have become plentiful in the literature, there is a paucity of studies examining the combinatorial effect of multiple miRNAs on a single protein. One study that attempted this approach found that AKT1 and ERK2, two major kinases in the PI3K and RAS oncogenic pathways, might be codownregulated by 30 miRNAs. 16 This study used a combined strategy to analyze the multiple miRNA-protein interactions that regulate cell proliferation in response to epidermal growth factor receptor, an oncogenic pathway highly relevant in breast cancer. 16 Such a study provides a more complete view of the combinatorial effort of miRNAs to control a signaling pathway at different levels and could be employed for cardiac hypertrophy (Figure 1) .
Highlighting the limitations of individual miRNAs as targets, systematic genetic deletions of miRNAs have revealed grossly abnormal phenotypes in less than 10% of miRNAmutant systems and genetic analyses of miRNAs in mice have revealed relatively minor functions under conditions of homeostasis. 17 The paucity of strong loss-of-function miRNA n combinatorial studies, whether the miRNAs will be additive or redundant in th th hei eir r r re e egu gu gula la lati ti tion on. 15 While single miRNA-single target studies and large-scale screening studies have become pl len en nti ti tifu fu ful l l in in in t t the h h l lit it ite er erat a ure, there is a paucity of stu tu ud di d e es examining t the h h c com om omb binatorial effect of m mul lt ltiple miRNA NA As on n a a s s sin in ing gl gle e e p pr prot ot tei ei ein n. O O One s stu u udy th h hat a a at tt tem em mp pt ted ed th hi his s ap ap pp pr roa oa ach ch ch f fou ou und nd nd t tha ha h t t t AK AK AKT T T1
an nd d d ER ER ERK2 K2, , tw tw two o ma ma majo jo j r r r ki ki ina nase e es s in in in t t the he he P PI3 I3 I K K K an a and d d RA RA RAS S S on on nco co oge ge geni ni ic c c p pa path th thwa wa ways ys s, , , mi mi migh gh ght t be be be c co-o--downregulate ted d d by by by 3 3 30 0 0 mi mi miRN N NAs A A . 16 16 16 Th Th This s s s stu tu udy dy dy u u use se s d d d a a a co co c mb mb mbin in ined ed ed s s str tr trat t teg eg egy y y to to to a a ana na n ly ly lyze ze ze t t the he he multiple phenotypes might be due to compensatory mechanisms that allow for re-calibration of protein expression. In addition, there is redundancy among homologous miRNAs within families or, possibly, the eventual targeting of individual mRNAs by several miRNAs could mitigate eventual phenotypic expression. Many believe the actions of miRNAs become more notable under conditions of injury or stress. 18 The relevance of this balance goes well beyond a miRNA-mechanism-phenotype discussion. Therapeutics targeting a specific miRNA to target a specific disease are rapidly being developed. 19, 20 Using knowledge gained from antisense technologies, oligonucleotides targeting miRNAs, known as anti-miRs, are being developed for therapeutic use as are pharmacologically active synthetic miRNAs, or miR mimics/mimetics. 19, 20 The assumption is that the direct downstream targets of a single miRNA are commonly related genes that function in a comparable cellular process or signaling cascade. This infers that targeting of a single miRNA should result in a dramatic effect due to the combinatorial effect of gene expression changes in primarily related downstream targets. Whether this assumption is correct will likely depend on the setting. As discussed, a single miRNA can target many genes and also many cells suggesting that the off-target effects will be more complex as compared to many classic therapies.
Do these concerns mean a simple miRNA-mRNA-single phenotype targeted approach is invalid? Obviously, that is not the case. The majority of the disease-based studies currently in the literature are either single miRNA-few target or large scale screening without mechanism;
but the true clinical relevance of both types of data will be realized by studies that meet in the middle; i.e. well-done, mechanistic, studies that utilize combinatorial approaches in relevant models. Given the importance of miRNAs in development, it is not surprising that alteration of pharmacologically active synthetic miRNAs, or miR mimics/mimetics. 19, 20 The e as assu s s mp mp mpti ti tion on on i is s However, the mechanisms which govern the regulation of microRNA biogenesis and activity are just beginning to be understood and appreciated. Understanding the relative abundance and specific targeted effects in a variety of model systems, and defining them broadly in human disease, will be central in revealing the true complex function of miRNAs. Thus judiciously balancing mulit-and single-target approaches with broader screening methods, modeling, and bioinformatics will ultimately define the role of miRNAs in human cardiovascular disease.
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None. cardiomyopathy and heart failure 7, 13 with mechanistic observations from specific miRNAs 5 and predicted targets, combinatorial approaches can be pursued that could yield increasingly relevant in vivo data. These approaches acknowledge that there is both increased and decreased miRNA expression in disease settings and these miRNAs may target a broad number of compensatory and non-compensatory pathways.
